We demonstrate a method to add photonic functionalities to the tip of hollow photonic crystal fibres, for ultra-compact and integrated lab-on-fibre applications. Specifically we present an angularly robust passband filter that is directly applied to the facet of a fibre, without adhesive or etching. The filter exploits the engineered plasmonic response of metallic features realised on a polymeric membrane and works over a range of 10 degrees, with a passband of 50 nm, centred at a wavelength of 800 nm. This result extends the available functionalities offered by the lab-on-fibre methodology to photonic crystal fibres, as well as providing a reversible method of functionalizing any type of fibre.
Results
Figure 1: a) Sketch of the fabrication protocol. b) Sketch of the final membrane with relevant geometrical parameters.
The membrane was fabricated with the process illustrated in Figure 1a) . A sacrificial layer and a polymer layer are deposited via spin coating on a rigid substrate, followed by the evaporation of a layer of metal. A positive tone photoresist is patterned via electron beam lithography and this pattern is transferred into the gold via reactive ion etching. Finally, the sacrificial layer between the substrate and the membrane is dissolved and the membrane in released. If necessary, the membrane can be mounted onto another object, or a frame.
The fabrication details can be found in the methods section. Figure 1b) shows the relevant geometrical parameters, with typical membrane thickness of 260 nm and gold thickness of 40 nm. On the metal we engraved an array of slits of 150 nm width and periodicity of 600 nm. However, the fabrication and manipulation protocol used here is not specific to this pattern. We have fabricated membranes in this fashion with different patterns, as well as with continuous gold, and without any gold.
The band structure relative to our geometry is shown in Figure 2 b), as calculated by a finite element analysis package, for both TE (electric field parallel to the z axis, red open circles) and TM polarizations (magnetic field parallel to the z axis, black full circles). The TE band structure does not support surface plasmons and was reported for completeness.
Additionally, the TE modes of the waveguides can be tuned fairly independently of the TM Figure 2: a) The electric field profile (Ey) for the anti-symmetric (top, blue arrow) and symmetric (bottom, pink arrow) bands at k = 0 b) Band structure for the fabricated sample for TE (red open circles) and TM (black full circles) polarizations. The dotted line shows the wavevector for each wavelength corresponding to 10
• incidence from normal.
resonances by changing the thickness of the membrane alone. To implement an angularly robust filter we require a flat band structure for a range of wavevectors around the normal incidence value (k = 0), at the operation wavelength. This can be obtained by engineering the anti-crossing of the the bands of the supported states. 28 The symmetry of the bands is crucial to determine the coupling efficiency of light incident on the filter. 29 Figure 2a) shows the y-component of the electric field in the xy plane for two contiguous bands in the working wavelength region. Light incident on the sample couples efficiently only to the antisymmetric band centred at 800 nm, whereas the coupling to symmetric bands (higher and lower frequencies) is not as efficient. This is also confirmed by the angularly resolved transmission spectra for the TM polarization shown in b) The experimentally measured angularly resolved transmission spectrum.
The filter membrane was then mounted on the tip of the fibre as sketched in Figure 4a ).
A small PDMS collar was fabricated using an empty fibre ferrule. This assembly allowed the sample to be placed in direct contact with the fibre facet reversibly, so that the same The pass band of the filter was centred at 800 nm, to overlap with the transmission band of the used HCPhCF. The resulting transmission spectrum, normalised to the spectrum from the unfiltered fibres, is shown in Figure 5 , along with RCWA simulations for the same filter geometry, taking into account the range of input angles. Using the angular spread as a fitting From a practical point of view, we note that despite the complete filter being less than 300 nm thick, the membrane does not require any special handling procedures beyond that of standard optical components, once mounted into the frame. Once framed, we used a micropositioner to align the patterned area of the membrane with the core of the fibre.
Patterning a larger area of the membrane could trivially lift this requirement. The fabrication yield of the flexible metasurface is practically 100%, and mounting the fibre into a ferrule prevents the membrane from being pierced during assembly. The filter is reusable, and can be transferred from fibre to fibre, without observable loss of performance. 
Discussion
The use of flexible photonic membranes for lab-on-fibre applications has a number of desirable properties. The transfer of a flexible membrane enables a good contact onto the fibre facet, without reliance on adhesive or Van der Waals' forces. Rigid photonic crystals have been transferred onto a fibre facet, using epoxy as a glue, 30 but this is essentially irreversible. Our approach grants the reusability of the membrane and of the fibre, which is not permanently modified by the application of the filter. However it is possible to wrap permanently the membrane at the end of the fibre, thus without using the frame, ferule and PDMS collar.
In order to create angular robustness in the GMR-type filter we used metal, thus introducing losses that are detrimental from a bandwidth point of view. A possible solution is to replace the metal with a high index dielectric, while retaining the flexible nature of the substrate, possibly using a photonic crystal design. However, it is typically easier to get the large anti-crossing required to generate angular robustness with SPP-type propagation than with all-dielectric waveguide systems. Additionally it is easier to conceive scaling up the fabrication of metal-based flexible filters than their all-dielectric counterparts.
HCPhCF have the unique ability to pass fluids through the hole which runs their length, enabling a new pathway for LoF integration into sensing experiments. An example of this is surface enhanced Raman spectroscopy (SERS) which has been demonstrated with a hollow core photonic crystal fibre as the substrate. 31,32 A filter could be usefully employed to eliminate the pump light from the transmitted beam in such a SERS experiment, which would be a step forward to a compact, integrated system for SERS, rather than the bulky apparatus used today. Additionally, in HCPhCF the shape of the flexible fibre mounted device could be tailored by varying the applied pressure of fluid in the fibre, thus tuning the LoF properties.
The filter presented here is just one example of the flexible photonic membrane platform.
Other applications could include fibre mounted optomechanics, or beamshaping. In the case of optomechanical systems, light from the fibre can create vibrational modes in the ultrathin membrane by radiation pressure. Direct beamshaping of a fibre's output is a possibility with patterned surfaces, as has already been demonstrated in free space at NIR frequencies.
33,34
Generating the desired eigenmode straight from the fibre, including Bessel beams or orbital angular momentum modes, could create new applications for optical trapping or coupling to external devices. Structured fibre facets have already shown their use in endoscopy, 35 and we see the ability to reversibly add sensing, and other, elements to endoscopes as a key area for lab-on-fibre to impact.
Conclusion
We have demonstrated a fabrication protocol to functionalize the facet of any fibre. This permits to merge the promising potential of the lab-on-fibre protocol to the already rich physics of hollow photonic crystal fibres. We have shown the versatility of this technique by creating a reusable angularly robust spectral filter. This result could lead to the demonstration of a new class of compact, integrated fibre based devices.
Methods
Bandstructure Simulation. The simulation of the band structure of periodic metallic nano-structures is typically complicated in the IR/visible regime by the highly dispersive metal response. To compute the band structure we used a wave vector marching technique on COMSOL Multiphysics. We started by calculating the eigenfrequencies at k = 0, and used them as the initial inputs to calculated the eigenmodes for small increments of k. As long as the steps in k are small enough, the dispersion in the optical constants can be assumed to be small. it could be hydrophobically suspended on the water's surface, and subsequently manipulated or mounted into a frame or onto another object.
Sample Measurement. The samples were measured first in a free standing configuration in order to get the angularly resolved spectrum of Figure 2b ). The sample was directly illuminated by a polarised Koheras SuperK Compact supercontinuum laser. An objective was used to imaged the sample in transmission onto a punctured screen, such that the light illuminating the patterned area of the sample went through to an Ocean Optics 2000+ USB spectrometer. For the spectra in Figure 5 , the sample was then mounted onto the fibre and collar by a micrometer drive, and the fibre was illuminated at one end by an unpolarised halogen lamp source. The sample coated end was imaged with a 20× objective into an
Ocean Optics 2000+ USB spectrometer. A polariser was place between the objective and the spectrometer, so as to observe the polarisation dependence of the filter. In both cases (free space and fibre measurements) the normalisation spectra were taken for both polarisations with the same setup without the sample present. The fibre used was a hollow core photonic crystal fibre from NKT Photonics: HC-800-02. 
